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Observation of the scissors mode in the quasicontinuum
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The experimental resonance parameters of the pygmy resonance in rare earth nuclei are compared
to global observables of the scissors-mode states. It is argued that the pygmy resonance in rare earth
nuclei can be described in terms of orbital M1 strength observed in (γ, γ′) experiments. The pygmy
resonance is therefore interpreted as the scissors mode in the quasicontinuum.
PACS number(s): 23.20.Lv, 21.10.Re, 24.30.Gd, 27.70.+q
I. INTRODUCTION
The phenomena ’pygmy resonance’ (PY) and ’scissors
mode’ (SC) have been discussed separately in the lit-
erature. In this work, we investigate for the first time
quantitatively, if those two experimentally observed phe-
nomena have the same physical origin.
The PY was introduced as a name for non-statistical
features in quasicontinuous γ-ray spectra at energies be-
low the giant dipole resonance. It is e.g. broadly dis-
cussed in a review of radiative strength functions as early
as in 1973 [1]. These non-statistical features observed in
different nuclear mass regions and at different energies
have different physical origins. A PY in rare earth nu-
clei at an energy around 3.5 MeV was first reported in
the γ-ray spectrum of 170Tm following a neutron capture
reaction [2]. A systematic investigation of the PY param-
eters in deformed rare earth nuclei by radiative neutron
capture has been carried out in [3], and very recently
new investigations on the PY have appeared [4–6]. An
important application of the PY is the calculation of as-
trophysical (n,γ) reaction rates, where the existence of
a soft dipole mode can greatly enhance the calculated
reactions rates in e.g. the astrophysical r-process [7].
The SC was discovered in 1984 in inelastic electron
scattering experiments on 156Gd [8]. The bulk of infor-
mation on the SC comes, however, from (γ, γ′) experi-
ments, also called nuclear resonance fluorescence (NRF).
These data are compiled in Ref. [9], which also gives sys-
tematics of average excitation energies of SC states and
summed orbital M1 strengths around 3 MeV.
It exists no satisfactory theoretical explanation for the
PY, and it is an interesting thought that the PY and the
SC might emerge due to the same physical origin, i.e. if
the PY can be described in terms of the observed orbital
M1 strength from NRF experiments. In order to investi-
gate this idea, we will compare the energy, the spreading
width, and the resonance strength of the two phenomena.
II. SCISSORS MODE
In NRF experiments, the energy-integrated cross-
section If of resonant scattered γ-rays on the ground
state, populating a state at excitation energy E and then
decaying down to a low-lying final state f , is given by
If =
pi2h¯2c2g
E2
Γ0Γf
Γ
. (1)
Here Γ0 and Γf are the partial radiative decay widths for
transitions from the excited state to the ground state and
the final state, respectively, Γ is the total radiative width
of the excited state and g is a spin-factor. In NRF exper-
iments on even-even nuclei, the excited states are usually
observed to decay into two states, the ground state and
the first excited state, denoted by ’1’ (in deformed nuclei
the first rotational 2+ state). The experimental informa-
tion from NRF experiments on even-even nuclei consists
therefore generally of the energy and the values I0 and
I1 for every observed state. Often, instead of listing I1
values, the branching ratio R with
I1
I0
=
Γ1
Γ0
= R
(
E1
E
)3
(2)
is given [10,11], where E1 is the energy of the γ-ray tran-
sition, populating the first excited state. Summing over
all final states in Eq. (1), the total energy-integrated
photon-absorption cross-section IM1/E1,t = I0 + I1 + . . .
is obtained. Experimentally, one observes the partial
energy-integrated photon-absorption cross-sections of ex-
cited states INRF
M1/E1,p = I0 + I1 where the word ’partial’
refers to the fact, that only the two decay branches to
the ground state and to the first excited state are taken
into account in the sum. As can be seen from Eq. (1),
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INRF
M1/E1,p
IM1/E1,t
=
Γ0 + Γ1
Γ
. (3)
The decay pattern in odd-nuclei is much more complex,
since one can populate by dipole radiation excited levels
with, in general, three different spins. In NRF experi-
ments on odd gadolinium and dysprosium isotopes [11],
branching ratios have been reported to several different
low-lying states. However, very few individual excited
states show γ decay to more than one of these states
at the same time. In addition, the observed branching
ratios scatter strongly. For many excited states, only
the ground state transition has been detected. A prob-
able explanation for this observation is that the dipole
strength in odd nuclei is highly fragmented, thus ground
state transitions in odd nuclei are in general much weaker
than in even nuclei. The even weaker branches to low-
lying states might therefore easily fall below the exper-
imental detection limit. On the other hand, due to the
high fragmentation, the chances will increase that acci-
dentally two excited states are separated in energy by
the excitation energy of some low-lying state, and that
the two respective peaks in the γ-ray spectrum are there-
fore interpreted as two branches from one excited state.
This problem has e.g. already been observed in the even
nucleus 172Yb [10].
In general, data on odd nuclei are very scarce (see e.g.
[12] and references therein), and the results are not con-
clusive. The summed observed M1 strength in odd nuclei
is by far weaker than in even-even nuclei. This has been
explained in terms of unresolved strength hiding in the
experimental background. A fluctuation analysis on the
background has been performed [13], and indeed the re-
sulting summed M1 strength in 157Gd has been found to
be approximately the same value as in the neighboring
even nuclei. However, it has not yet been shown that sim-
ilar results can be achieved for the much less fragmented
M1 strength in 161Dy, which has been investigated with
a quite similar detection threshold as 157Gd [11], still, a
new analysis is in progress and might prove the oppo-
site [14]. In addition, the observed irregular branching
properties of excited states in odd nuclei show that the
NRF technique is taken to its very limit in the inves-
tigation of odd nuclei, and that global SC observables,
like summed M1 strengths and average excitation ener-
gies of SC states from such experiments, have to be taken
with great care. As a last and very important point one
should mention that the M1 character of the observed
radiation in NRF experiments on odd nuclei has never
been measured experimentally. In fact, E1 and even E2
radiation can not be excluded [15]. In the further discus-
sion, we will therefore mainly concentrate on even nuclei,
where the deduced data are based on a more transparent
experimental situation.
III. PYGMY RESONANCE
The PY photon-absorption cross-section is usually pa-
rameterized by a Lorentzian function σpy(E)
σpy(E) = σpy
(
1 +
(E2 − E2py)
2
E2Γ2py
)
−1
, (4)
where σpy, Epy and Γpy are the strength, centroid and
width of the PY, respectively. These parameters have
been obtained by fits to experimental data [5], which are
shown in Fig. 1. Previously investigated M1 strength
arises due to the tail of the spin-flip resonance (GMDR)
[16]. This resonance can be described by a Lorentzian
function σsf(E) as well
σsf(E) = σsf
(
1 +
(E2 − E2sf)
2
E2Γ2sf
)−1
, (5)
where σsf , Esf and Γsf are the strength, centroid and
width of the GMDR, respectively.
Assuming that the PY is due to magnetic dipole
strength, one can add the two cross-sections incoherently
and obtain the total M1 photon-absorption cross-section
σM1,t(E)
σM1,t(E) = σpy(E) + σsf (E). (6)
One can, at this point, discuss if deviations from the
Lorentzian description of the PY and interference be-
tween the PY (presumably orbital M1 strength) and the
spin-flip resonance might occur. Neither of the two ef-
fects is, however, manifested in the experimental data
in Refs. [2–6] (see e.g. Fig. 1), and therefore they must
be very limited in size and are neglected in the further
calculation. In the upper panels of Fig. 2, the two contri-
butions to the total M1 photon-absorption cross-section
and their sums for the nuclei 162Dy and 172Yb are shown.
When comparing to the results of the NRF experi-
ments, one should, however, in analogy with Eq. (3)
define the partial M1 photon-absorption cross-section
σQCM1,p(E), where branching only to the ground state and
the first excited state is taken into account, i.e.
σQCM1,p(E) = σM1,t(E)
Γ0 + Γ1
Γ
. (7)
Here, the index ’QC’ refers to the fact that the semi-
experimental quantity σQCM1,p(E) is calculated by means of
strength functions obtained in the quasicontinuum. The
total radiative width in Eq. (7) is given by
Γ = D1+
∑
XL
∑
If ,Πf
∫ E
0
dEγ
E2L+1γ fXL(Eγ)ρ(E − Eγ , If ,Πf ), (8)
where the second sum is going over all final levels with
spin and parity If ,Πf which are accessible by multipole
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radiation of the type XL from a 1+ state, fXL are the re-
spective radiative strength functions, ρ is the level den-
sity and D1+ is the average spacing of 1
+ states. The
sum of the partial radiative widths Γ0 + Γ1 can be cal-
culated by taking into account in Eq. (8) only the two
lowest states in the level density, i.e.
ρ(E − Eγ , If ,Πf ) = δ(E − Eγ) δIfΠf ,0+
+δ(E1 − Eγ) δIfΠf ,2+ , (9)
and performing the integral and the two sums, yielding
finally
〈Γ0 + Γ1〉 = D1+
[
fM1(E)E
3 + fM1(E1)E
3
1
]
. (10)
In Eq. (8), electric quadrupole and higher-order multi-
pole contributions can usually be neglected as has been
done in Eq. (10).
In order to be able to evaluate Eqs. (7), (8) and (10),
the level density and the radiative strength functions fE1
and fM1 have to be known. Recently, these data have
been obtained experimentally [5] (see Fig. 1) for the four
nuclei 161,162Dy and 171,172Yb from the (3He,α) reaction
by using an iteration technique. The parameters of the
PY have also been extracted from these experiments.
The quality of the data allows us to calculate the partial
photon-absorption cross-section and make comparison to
NRF data.
A problem encountered here is that radiative strength
functions, obtained for γ transitions in the quasicontin-
uum, have to be used at low excitation energies where nu-
clear structure effects can be predominant. For instance,
the observed branching ratios in NRF experiments [10,11]
for even nuclei with Γ1/Γ0 ≈ 0.5 and 2 for K = 1 and
0 states, respectively, can not be reproduced accurately
within this approach, where one obtains branching ratios
of approximately 1 for both cases. The branching ra-
tios are, on the other hand, well estimated by the Alaga
rules, describing the nucleus in the rotational limit and
thereby assuming a good K quantum number. Unfor-
tunately, a nuclear structure effect represented by e.g. a
good K-quantum number can not be easily incorporated
in the common definition of the radiative strength func-
tion. Therefore, we use here the statistical approach of
Eq. (10). Since the sum in Eq. (10) is over two low-lying
states only, we can not expect that all possible nuclear
structure effects are averaged out by our treatment.
In Fig. 2, the total and partial M1 photon-absorption
cross-sections, calculated according to Eqs. (6) and (7),
and their ratio are shown for the nuclei 162Dy and
172Yb. Branching ratios further further discussed in Sect.
V. The partial energy-integrated M1 photon-absorption
cross-section IQCM1,p which should be compared to the ex-
perimental SC value INRFM1,p, can now be calculated by
IQCM1,p =
∫
dE σQCM1,p(E), (11)
where the integral covers the appropriate energy interval
of interest.
IV. COMPARISON
In the following, experimental data of the PY will be
compared to the global observables of SC data. First,
a comparison of the centroids and widths is performed.
For the SC, one obtains an average excitation energy
of 2.87 MeV for 162Dy [11]. This value changes by less
than 10 keV when taking into account possible additional
strength where no parity assignment was possible. The
NRF experiment on 172Yb was performed without po-
larimeter, thus, no model-independent parity assignment
could be performed. If one, however, assumes that all
states with K = 1 are populated by M1 radiation1 the
average excitation energy of the SC states is 3.09 MeV
[10]. Including states with uncertainK assignment yields
a higher value of 3.26 MeV, mainly due to the strong tran-
sition at 3.863 MeV. These values compare well with the
centroids of the PY being 2.73(5) MeV and 3.48(7) MeV
for 162Dy and 172Yb, respectively [5].
The experimentally observed spreading of SC states
in 162Dy and 172Yb, which is estimated by the energy
difference between the highest and the lowest observed
SC state in the NRF experiment, are 0.67 MeV and
1.0 MeV, respectively [11,10]. The latter value increases
to 1.3 MeV when taking the transition at 3.863 MeV into
account. These values are in good agreement with the
widths of the PY, which were determined to be 1.35 MeV
and 1.30 MeV for 162Dy and 172Yb, respectively [5].
Figure 3 shows the distribution of SC states for both
nuclei. In the same figure, also σQCM1,p(E) is displayed.
The distribution of observed SC states coincides very well
with the maximum and the width of the σQCM1,p(E) curves.
In the second step, the strength of the PY is compared
to the summed cross-section of SC states. For 162Dy,
1Here, and in the following, we will make use of the hypoth-
esis two in Ref. [10] in the disentanglement of overlapping
elastic and inelastic peaks in the experimental NRF γ-ray
spectrum. It seems that also the authors of Ref. [10] are
tending to this hypothesis (see e.g. their Fig. 5). Using hy-
pothesis one would not change the conclusion drawn in this
article.
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one obtains INRFM1,p = 0.41(4)MeVmb for all transitions
with M1 assignment and 0.44(5)MeVmb, when also tak-
ing into account transitions to states with undetermined
parity. For 172Yb, these quantities read 0.25(10)MeVmb
and 0.34(15)MeVmb, respectively. The difference of
some 0.09MeVmb between the latter values is mostly
due to the state at 3.863 MeV with uncertain K assign-
ment and hence uncertain parity. Here, one should recall
once more that the M1 character of transitions in 172Yb
is not determined model independently by a polarimeter.
For the PY, one has to integrate σQCM1,p(E) over an ap-
propriate energy interval. We choose, for both nuclei, a
2 MeV wide energy region between 2 MeV and 4 MeV.
The integration intervals are marked by vertical lines in
Fig. 3. The choice of the intervals is motivated by the fact
that in NRF experiments the experimental conditions al-
low to observe possible SC states only in this energy re-
gion. The chosen integration region coincides also quite
well with Epy±Γpy, and is therefore covering most of the
area of the PY. We obtain for 162Dy and 172Yb values
of IQCM1,p = 0.46MeVmb and 0.42MeVmb, respectively.
For convenience, all data are also collected in Table I. It
is now difficult to judge the errors of these values. Cer-
tainly, the Lorentzian shapes of the PY and the GMDR
are somehow idealized with respect to nature. In addi-
tion, the strength functions used for evaluating Eq. (7)
are all obtained experimentally in the quasicontinuum,
but they have to be applied to transitions to low-lying
states in e.g. Eq. (10). Some shortcomings of the statis-
tical approach to the region of discrete levels have already
been discussed in Sect. III. Probably, a considerable sys-
tematical error is therefore introduced in IQCM1,p. Never-
theless, the difference of 20–40% between the calculated
and the experimental values for the 172Yb nucleus and
the agreement within 10% for the 162Dy nucleus allow to
hope that the systematic error of the calculation is not
too high and within an approximate error of 30%, we find
good agreement with the SC data.
Other reasons for discrepancy between estimated and
experimental SC strength may exist. Firstly, some
strength of the PY could in fact be E1 radiation. Such
a resonance has been suggested by P. Van Isacker et al.
[17] in a schematic calculation. Within their model, the
valence neutrons oscillate with respect to the core of neu-
trons and protons. However, this excitation mode has not
yet been observed in NRF experiments. Another possi-
bility is that in NRF experiments SC states are populated
from the ground state where pairing correlations are im-
portant. The PY strength functions are, on the other
hand, obtained in the quasicontinuum, where depairing
[18,19] has been observed. It has been shown, that de-
pairing yields in general a higher summed M1 strength
and also higher excitation energies of the SC [20].
Unfortunately, the M1 character of the PY in rare
earth nuclei could not yet be determined experimentally.
In fact, the PY in iron and lead nuclei have recently been
measured to be of E1 character [21,22]. Since the PY in
these nuclei, which have other mass numbers and defor-
mations than rare earth nuclei, occur at higher excitation
energies and consequently may have different physical
origins, no strong conclusions to rare earth nuclei should
be drawn from these results. An indirect proof for the M1
character of the PY in rare earth nuclei comes from (n,2γ)
experiments on 162Dy with thermal neutrons, using the
sum-coincidence method. Here, F. Becˇva´rˇ et al. [23] have
found good agreement with experiment when including a
resonant component around 3 MeV in their M1 strength-
function model. Since they only use schematic level den-
sity functions in their analysis, this result can, however,
only serve as a strong hint of the M1 character of the PY
in rare earth nuclei. Still, one can conclude that different
experimental observations commonly labeled as ’pygmy
resonances’ might have different physical origins.
V. APPLICATIONS
A. Numerical values of Γ0 and B(M1) from NRF
experiments
In NRF experiments, often ground-state decay widths
Γ0 or reduced transition probabilities B(M1/E1) are
given as results. These quantities can be calculated from
the total energy-integrated photon-absorption cross-
section IM1/E1,t by
IM1/E1,t =
pi2h¯2c2g
E2
Γ0 (12)
and
Γ0 =
16pi
9g
(
E
h¯c
)3
B(M1), (13)
where the latter Equation is only valid for M1 tran-
sitions. However, only the partial energy-integrated
photon-absorption cross-section INRF
M1/E1,p is measured in
NRF experiments, as discussed in Sect. II. Usually, one
therefore assumes that IM1/E1,t = I
NRF
M1/E1,p [10,11], i.e.
Γ0 + Γ1 = Γ (14)
over the whole energy region where excited states are
observed. On the other hand, Fig. 2 shows that this
assumption may become incorrect for energies above
∼3 MeV. Of course, the estimates in the lower pan-
els of Fig. 2 are quite rough, since experimental radia-
tive strength functions obtained in the quasicontinuum
are applied to the energy region of discrete levels. Still,
the large deviation from the common assumption (14)
can not be neglected because we have obtained good
agreement between estimated and experimental partial
energy-integrated photon-absorption cross-sections, see
Table I. As a consequence, too low B(M1) values may
have been reported in NRF works. We will therefore in
the following estimate the summed B(M1) value of the
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SC, based on the assumption that the PY is entirely due
to orbital M1 strength.
Combining Eqs. (12) and (13) and summing over all
individual SC states, one obtains
IM1,t =
16pi3
9h¯c
∑
E B(M1) =
16pi3
9h¯c
E¯
∑
B(M1), (15)
where E¯ is the average excitation energy of the SC
states. Now, we estimate IM1,t by integrating over the
Lorentzian PY model of Eq. (4) from zero to infinity,
yielding
IM1,t =
pi
2
σpyΓpy. (16)
Assuming that the average excitation energy of the SC
states E¯ is equal to the centroid Epy of the PY, we finally
obtain an estimate for the summed B(M1) value of SC
states ∑
B(M1) =
9h¯c
32pi2
σpyΓpy
Epy
. (17)
Using experimental PY parameters from Ref. [5],
summed B(M1) strengths of 7 ± 2µ2N and 6 ± 2µ
2
N for
162Dy and 172Yb, respectively, are found. Here, one
should stress that these values follow rather directly from
experiment, since the PY parameters are obtained by a
fit to normalized, purely experimental strength function
data. Neither branching ratios are needed, nor the as-
sumption of a Lorentzian shape of the PY does influence
this result much. Although these data are rather high
compared to recent estimates [9,24] using effective rel-
ative g-factors of ∼ 0.7, theoretical values around e.g.
6–7µ2N have indeed been discussed in the literature for
dysprosium and ytterbium nuclei in a sum-rule approach
[20], assuming free values of the g-factors. If our assump-
tion for calculating the summed SC strength holds, the
reason for observing summed strengths around 3µ2N in
NRF experiments would not be the manifestation of ef-
fective g factors, but rather partly the lack of detected
branching from SC states to higher lying states than the
first excited state and partly the fact that some strength
lies outside the investigated energy region of 2-4 MeV.
B. E1 strength in NRF experiments on even-even
nuclei
The assumption of a dominant M1 character of the PY
can also be confirmed by a reproduction of the observed
E1 strength in NRF experiments using the strength func-
tions from the quasicontinuum. For this reason, we
calculate the partial E1 photon-absorption cross-section
σQCE1,p(E) according to the model of S.G. Kadmenski˘ı et
al. [25]
σQCE1,p(E) =
∑
i=1,2
0.7σi,E1Γ
2
i,E1(E
2 + 4pi2T 2)
EEi,E1(E2 − E2i,E1)
2
〈Γ0 + Γ1〉
Γ
(18)
which describes well the tail of the giant electric dipole
resonance and reproduces the non-vanishing E1 strength
at low energies, as observed by Yu.P. Popov [26] in (n,γα)
reactions. In Eq. (18), σi,E1, Γi,E1 and Ei,E1 are the
cross-sections, the widths and the centroids of the two
parts of the giant electric dipole resonance, respectively,
and T is the nuclear temperature. In the following, we
use a constant value for the nuclear temperature, which
has been obtained by a fit to the experimental data of
Fig. 1 [5]. Similar approaches have also been very suc-
cessful in describing γ-ray spectra of radiative neutron-
capture experiments and in the calculation of isomeric
cross-sections [27,28]. Integrating Eq. (18) over an appro-
priate energy interval should now yield a value approxi-
mately equal to the sum of all partial energy-integrated
E1 photon-absorption cross-sections INRFE1,p observed in
NRF experiments and defined in Eq. (3).
In Fig. 4 the distribution of partial energy-integrated
E1 photon-absorption cross-sections is displayed. From
the NRF experiments, we obtain INRFE1,p = 0.07(1)MeVmb
and 0.6(3)MeVmb for 162Dy and 172Yb, respectively,
when taking into account only levels with certain par-
ity assignments in the case of 162Dy and certain K
assignments in the case of 172Yb. These values read
0.10(2)MeVmb and 0.7(3)MeVmb for the two nuclei
when also taking into account levels with uncertain as-
signments. Integrating Eq. (18) from 2 MeV to 4 MeV,
as it is done in the case of M1 radiation in Sect. IV,
we obtain from the quasicontinuum 0.5MeVmb and
0.7MeVmb for 162Dy and 172Yb, respectively. Also here,
we judge the errors of these quantities to be around 30%
due to systematical errors, see Sect. IV. For easier com-
parison all values can also be found in Table I.
Clearly, the observed strength in NRF experiments on
172Yb is very well described by the strength functions
from the quasicontinuum, whereas this is not at all true
for 162Dy. We have no good explanation for the discrep-
ancy in the latter nucleus. One can of course argue that
the E1 strength function from the quasicontinuum might
not describe well the observed E1 strength in the region
of discrete levels. We find, however, that our approach
works well for 172Yb. Certainly, the situation would be
even worse when assuming a substantial part of the PY
to be of E1 character. The good agreement in terms
of the M1 strength in both nuclei and the E1 strength
in 172Yb would be degraded, while the overestimation
of observed E1 strength in NRF experiments on 162Dy
by the strength function from the quasicontinuum would
even increase. Another possibility is that a substantial
part of the E1 strength in the NRF experiment is hidden
in the experimental background. If we, however, accept
a detection limit of some 0.005MeVmb, also this seems
quite unrealistic. At last, one can imagine some distinct
nuclear structure effect responsible for hindering the pop-
ulation of 1− states at around 3 MeV from the ground
state. The physical nature of this possible effect is, how-
ever, not clear at all.
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C. Missing strength in NRF experiments on odd
nuclei
An important issue of the SC is the question of miss-
ing strength in odd nuclei observed in NRF experiments.
The solution of this problem is that in the case of odd
nuclei, indeed a large portion of M1 strength is hidden in
the experimental background [12,13]. As a consequence,
the summed M1 strength in odd nuclei might be compa-
rable to the observed strength in neighboring even nuclei.
The method for recovering the full strength yields, how-
ever, large errors and gives at the present unsatisfactory
results for 161Dy [12]. The latter statement might be
disproved be a new experimental analysis [14]. The PY
parameters, on the other hand, show no odd-even effect
at all [5] and the summed B(M1) strengths in odd nuclei,
calculated according to Eq. (17) are 9±2µ2N and 7±2µ
2
N
for 161Dy and 171Yb, respectively, which are equal within
the errors to those of neighboring even nuclei. In the fol-
lowing, a possible explanation of the observations in NRF
experiments on odd nuclei is given by means of strength
functions from the quasicontinuum.
The calculated partial M1 and E1 photon-absorption
cross-sections using Eqs. (7) and (18) are displayed in
Fig. 5. Also, the sum of all energy-integrated partial
photon-absorption cross-sections from Ref. [11] is calcu-
lated, thereby taking into account all observed branching.
Integrating the E1 and M1 curves of Fig. 5 as usual from
2 MeV to 4 MeV yields 0.062MeVmb and 0.083MeVmb,
respectively, and again a systematical error of 30% is as-
sumed. The sum of both contributions is 0.145MeVmb
and agrees well with the value from the NRF experiment
0.11(2)MeVmb. Unfortunately, in NRF experiments on
odd nuclei, neither parity nor K assignments can be per-
formed reliably [11]. Thus one can not distinguish be-
tween M1 and E1 strength. Again, the numerical values
are collected in Table I for convenience.
Figure 5 also shows the branching ratio 〈Γ0+Γ1〉/Γ in
161Dy. This branching ratio is generally much smaller in
odd nuclei than in even nuclei 162Dy due to the higher
level density in odd nuclei entering Eq. (8). Here, the
physical reason for the missing strength in odd nuclei
becomes obvious. We find that the missing strength in
NRF experiments might not only be due to unobserved
elastic photon scattering below the experimental thresh-
old, as suggested in Refs. [12,13], but also due to un-
observed branching to higher lying states than the first
excited states; a possibility which was not mentioned in
earlier works and which can contribute much more to the
summed strength than in even nuclei. These branches
could, in principle, be detected in a similar type of fluc-
tuation analysis on the experimental background as in
Ref. [12]; still, one has to expect a general tendency of
these branches to appear at lower γ-ray energies in the
γ-ray spectrum.
Additional sources of uncertainty in the calculation
of partial photon-absorption cross-sections in odd nuclei
comes from the use of the branching ratio 〈Γ0 + Γ1〉/Γ
and the fact that only 7/2 states are taken into account
as intermediate states2. As discussed in Sect. II, ob-
served branching for odd nuclei in NRF experiments is
much more complex than for even nuclei since it is depen-
dent of the spin of the intermediate state and it does not
only involve decay to the first excited state. The use of
〈Γ0+Γ1〉/Γ calculated for intermediate 7/2 states should
therefore be regarded as an approximation to the average
branching properties of all observed states in odd nuclei.
VI. CONCLUSION
In conclusion, global parameters of the SC have been
compared to PY parameters. A good agreement has
been found for the centroids, the widths and the partial
energy-integrated M1 photon-absorption cross-sections.
Therefore, although the M1 character of the PY has not
been verified experimentally, we conclude, that the PY
in rare earth nuclei with high probability originates from
orbital M1 strength. Still, direct measurements of the M1
character of the PY by e.g. the sum-coincidence method,
using experimental level densities, is very desirable.
Further, we have shown that branching to highly ex-
cited states from SC states might be important in the
estimation of B(M1) strengths. Our approach, which
does not depend on the knowledge of branching ratios,
gives for even and odd nuclei summed B(M1) strengths
of 6-9µ2N for the SC in the quasicontinuum, which follow
rather directly from experimental data and are in good
agreement with a sum-rule approach using free g-factors.
The E1 strength observed in NRF experiments could also
be reproduced by the strength functions from the quasi-
continuum in the case of 172Yb, whereas in the case of
162Dy a discrepancy has been observed.
Also the missing strength in NRF experiments on odd
nuclei compared to even nuclei has been interpreted in
terms of additional branching to higher lying states than
the first excited states. Since branching might play a
crucial role in the interpretation of NRF data, we would
like to confront our branching estimates to experimen-
tal measurements of branching ratios from the sum-
coincidence method. Here, one should especially keep
in mind that the radiative strength functions used for
estimating branching ratios in this work are only based
on experimental data down to energies of ∼ 1.5 MeV,
2Since the ground state spin of 161Dy is 5/2, one can also
populate 3/2 and 5/2 states by absorption of dipole radiation.
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whereas below, extrapolations of the experimental data
by theoretical models have to be used.
The investigation of the SC in the quasicontinuum is
complementary to the conventional NRF method. It
might yield valuable data on branching ratios, summed
M1 strengths and possible odd-even effects, as well as the
influence of depairing on the summed M1 strength.
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TABLE I. Partial energy-integrated photon-absorption cross-sections for M1 and E1 radiation from NRF experiments and
estimated from strength functions (details see text). All values are in MeV mb. The errors of the calculated values are estimated
to be around 30%.
162Dy 172Yb 161Dy
M1 E1 M1 E1 M1 E1
INRFM1/E1,p only good assignment 0.41(4) 0.07(1) 0.25(10) 0.6(3)
also uncertain assignment 0.44(5) 0.10(2) 0.34(15) 0.7(3) 0.11(2)
IQC
M1/E1,p
0.46 0.5 0.42 0.7 0.083 0.062
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FIG. 1. Experimental radiative strength function data for four different rare earth nuclei. The PY is manifested in the data
at energies around 3 MeV. The solid line is a fit to the data. For details see Ref. [5].
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FIG. 2. In the upper panels, the M1 model, obtained in the quasicontinuum, is displayed. The dashed lines indicate the
Lorentzian descriptions of the PY and the GMDR [Eq. (4) and (5), respectively], the solid line shows the incoherent sum
of both models [Eq. (6)]. In the central panels, the total (dashed lines) and the partial (solid lines) M1 photon-absorption
cross-sections according to Eqs. (6) and (7) are given. In the lower panels, the ratio of these two quantities, i.e. 〈Γ0 +Γ1〉/Γ is
shown. The parameters needed for calculating the displayed curves are based on experimental data, see Ref. [5].
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FIG. 3. The partial M1 photon-absorption cross-section σQCM1,p(E) according to Eq. (7) is displayed by solid lines (scale
on the left hand side). The maxima of these curves coincide well with the energy distributions of partial energy-integrated
photon-absorption cross-sections of SC states INRFM1,p [10,11] (scale on the right hand side). The full symbols represent states with
certain parity or K assignment for 162Dy and 172Yb, respectively, the open symbols denote states with uncertain assignments.
All data necessary for evaluating Eq. (7) are taken from [5]. The vertical lines show the energy region where the integration of
Eq. (11) for the calculation of IQCM1,p is performed.
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FIG. 4. The same as in Fig. 3 but for E1 radiation. The dashed lines denote the σQCM1,p(E) curves for comparison.
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FIG. 5. Upper panels: The partial M1 and E1 photon-absorption cross-sections σQCM1,p(E) and σ
QC
E1,p(E) according to Eqs.
(7) and (18), respectively. Lower panels: The branching ratio 〈Γ0 + Γ1〉/Γ. The solid lines denote
161Dy data and the dashed
lines 162Dy data. The parameters needed for calculating the displayed curves are based on experimental data, see Ref. [5].
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